Laboratory and animal studies suggest a beneficial effect of zinc on prostate cancer. We evaluated the association between dietary and supplemental zinc and prostate cancer within the VITamins And Lifestyle (VITAL) cohort, a study specifically designed to evaluate the impact of dietary supplements and cancer risk. Of 35,242 men who completed the baseline dietary and supplemental questionnaire, 832 men developed invasive prostate cancers between October 2000 and December 2004. Ten-year average intake of supplemental zinc was not associated with a reduced prostate cancer risk overall (adjusted hazard ratio (HR) = 0.82 (95% confidence interval (CI) 0.58-1.14) for >15mg/day vs. nonuse, P for trend = 0.44); however, risk of advanced prostate cancer (regionally invasive or distant metastatic, n = 123) decreased with greater intake of supplemental zinc (adjusted HR = 0.34, 95% CI = 0.13-1.09 for 10-yr average intake >15 mg/day vs. nonuse, P for trend = 0.04). Dietary zinc was not associated with prostate cancer. In this prospective cohort, long-term supplemental zinc intake was associated with reduced risk of clinically relevant advanced disease. This study had limited ability to study early-stage disease because detection of early-stage disease is highly related to having a PSA test, and information on PSA was only available at baseline. Because few other epidemiologic studies have investigated the association between zinc and prostate cancer, and these have not yielded consistent findings, further research is needed.
INTRODUCTION
The incidence of prostate cancer has been increasing worldwide, with the greatest increases in the United States (1) . It is the most common cancer other than skin cancer among U.S. men (2) . The etiology of prostate cancer is poorly understood; age, family history, and race are among the few established risk factors (3) . Therefore modifiable risk factors, including nutrient intake, are under active investigation.
There are several lines of evidence that suggest that zinc may play an important and direct role in the prostate. Studies have found that total zinc levels in the prostate are 10 times higher than in other soft tissues (4, 5) . Furthermore, adenocarcinoma cells taken from prostate tumors have lost their ability to amass zinc; whereas in normal prostate cells, zinc is highly concentrated intracellularly in glandular epithelium and inhibits mitochondria aconitase resulting in decreased citrate oxidase (6) (7) (8) . This metabolic effect has implications in altering energy metabolism and adenosine triphosphate production of prostate cells such that lower zinc levels in prostate cells leads to a higher rate of citrate oxidation, which increases the available energy and has been proposed to contribute to carcinogenesis and tumor growth (4, (9) (10) (11) .
Based on results from cellular studies, we hypothesized that prostate cancer risk may be reduced by zinc intake both from supplements and diet. Only a small number of epidemiologic studies have investigated the relationship between prostate cancer risk and zinc intake from supplements (primarily from multivitamin use) (12) (13) (14) , diet (15) (16) (17) , and combined diet and supplements (18, 19) , with highly inconsistent results.
To address this issue, we have prospectively collected detailed measures of zinc intake from diet and supplements, as well as other factors such as demographic and lifestyle characteristics, in a large cohort study. An advantage of our cohort is that it was specifically designed to investigate the association of supplement use with cancer risk and accordingly includes a large proportion of high users of dietary supplements. We have a more detailed exposure assessment than other studies including exact composition of multivitamins and information on use of single zinc supplements. We also collected information on health conditions that may be the indications for taking supplements; in particular zinc, is marketed and sold as a "men's health" or "prostate health" supplement and is often taken by men with benign prostatic hyperplasia (BPH). Finally, we take into account modifiers of zinc absorption (e.g., vegetable intake) in analysis of the zinc and prostate cancer association.
METHODS

Study Participants
Men in this study were participants in the VITamins And Lifestyle (VITAL) cohort study whose primary aim is to 207 investigate vitamin and mineral supplementation and cancer risk. Details of recruitment have been published in a previous report by White et al. (20) . Briefly, men and women were eligible to participate in the VITAL study if they were aged 50 to 76 yr and living in a 13-county area of western Washington State. Because this study was limited to men, we report here recruitment of men. Using names that were obtained from a commercial list, 195,465 men were contacted by mail. The mailing sent to potential participants included a recruitment letter targeting supplement users and a 24-page questionnaire. Recruitment was conducted from October 2000 through December 2002, during which time 37,382 men (19.5%) completed and returned the VI-TAL baseline questionnaire. Of these, 2,136 men who reported a history of prostate cancer at baseline were excluded, as were two men subsequently diagnosed with in situ prostate cancer, leaving 35,244 men available for this analysis.
This project was reviewed and approved by the Fred Hutchinson Cancer Research Center Institutional Review Board.
Data Collection
Baseline data for the VITAL study were obtained from a 24-page, self-administered questionnaire that included items on supplement use, diet, personal characteristics, medical history, and lifestyle factors.
The questionnaire assessed the use of 38 vitamins, mineral, herbal, and other supplements over the 10 yr prior to enrollment into the study. Participants were first asked about their current multivitamins and selected one of 16 common brand names; or if the brand was not listed, they provided dose information on each vitamin and mineral in their brand. For those who used more than one brand over the 10 yr or only used multivitamins in the past, participants selected from another list of brand names (reflecting past market availability). Nutrient composition of multivitamin brands was obtained from the Physicians Desk Reference for Non-Prescription Drugs (2001 for current and 1996 for past) or inquiries to manufactures. For past and current multivitamin use, information on years of use over the previous 10 yr and frequency (times per week) of use in those years was also obtained.
Information on use of single nutrient supplements and nutrients in mixtures not classified as multivitamins, including zinc, was requested from participants including current and past use, years of use over the previous 10 yr, frequency, and usual dose per day. Supplemental intake per day averaged over the last 10 yr prior to baseline for zinc and other nutrients was calculated as (dose per day) × (days per week/7) × (years/10), summed over individual supplements and current and past multivitamins.
Diet was assessed by a semiquantitative food frequency questionnaire (FFQ) that asked about the frequency of consumption over the last year and portion sizes of 120 foods or food groups and included 12 adjustments questions on types of foods and preparation techniques (e.g., use of low fat vs. whole fat foods). The FFQ analytic program is based on nutrient values from the Minnesota Nutrition Data System for Research (21) . Participants were excluded from the nutrient calculations if they did not complete all pages of the food frequency section (at least 5 items per page) or their energy intake was below 800 kcal/day or was above 5,000 kcal/day.
The remaining parts of the questionnaire covered demographic characteristics, health history, and other potential confounders. Using self-reported weight and height, we calculated body mass index (BMI) for each participant as kg/m 2 . Physical activity was assessed by a 1-page form described in detail elsewhere (22) . In brief, participants, reported the number of years in the last 10 during which they undertook each of several types of activities followed by the frequency (days per week) and duration (minutes per day). For moderate/strenuous exercise, participants reported the types of exercise (e.g., running); and for walking, they reported pace. Average total MET hours (kcal energy expenditure per kg body weight) per week over the past 10 yr was calculated using the years, frequency, and published energy expenditures for different activities.
Health information collected at baseline included history of prostate-specific antigen (PSA) testing within the 2 yr prior to baseline, physician-diagnosed BPH, ever having a prostate biopsy, current use of medications commonly prescribed for BPH (finasteride, terazosin, doxazosin, or tamsulosin), and family history of prostate cancer.
Follow-Up of Subjects for Prostate Cancer and Censoring
A total of 832 incidents, invasive prostate cancers, were diagnosed between baseline (2000-2002) and December 31, 2004 . We obtained case status, cancer stage, and Gleason score by linking the cohort to the western Washington State Surveillance, Epidemiology and End Results (SEER) cancer registry. This registry ascertains all cancers among those living in the 13 counties of western Washington State via abstraction of information from hospital records, pathology laboratories, and other sources.
We utilized a multistep scheme to link our cohort to the SEER registry. Initially, all potential matches were identified by linking on 9 increasingly broad sets of matching criteria (such as full social security number, last name, and date of birth). Next, each potential match was ranked electronically to decide whether it was "sufficient" (enough data items in common to be considered a match), "insufficient" (too few data items in common to consider a match), or "needing visual inspection" (some data items in common). Matches needing visual inspection were examined using all relevant information from VITAL and SEER files. Finally, for records for which the match was still uncertain, the participant was telephoned directly.
For tumor characteristics, SEER summary stage was categorized as local or regional/distant. Grade was measured by Gleason score and was categorized as 2 to 6 and 7 to 10, corresponding to well-differentiated or moderately differentiated and poorly differentiated cancers, respectively. Because SEER only implemented this coding scheme in 2003, we re-abstracted Gleason scores from the original SEER reports for cancers diagnosed from 2000 to 2002.
The censored date for each subject was the earliest date of withdrawal from the study (0.02%), death (3.0%), move out of the 13 county catchment area of the SEER registry (3.9%), or December 31, 2004 . Deaths were ascertained by linkage to Washington State death files. Moves out of area were identified by linkage to the National Change of Address System and by follow-up letters and phone calls.
Statistical Analyses
Cox proportional hazard models with age as the time variable were used to estimate the relative risk, as measured by hazard ratios, of prostate cancer associated with sociodemographic, medical, and lifestyle characteristics other than zinc intake. To understand the correlates of supplemental zinc intake, unconditional logistic regression models were used to estimate odds ratios for the association between these same characteristics and high 10-yr average supplement zinc intake (>15 mg/day) vs. no use, with adjustment for age as a continuous variable. Cox proportional hazard models were used to estimate the relative risk, as measured by hazard ratios, of prostate cancer associated with various measures of zinc intake from supplements and diet. Age was treated as the time variable, with left truncation at age at baseline and censoring (right truncation) at the censoring events noted above. To address the possibility of medical surveillance bias, a variable identifying self-reported PSA testing within the 2 yr prior to baseline was included in all multivariate models. Potential confounding factors associated with both zinc intake and prostate cancer that were included in the multivariate models were ethnicity/race (White, Black, or other), education (continuous), current multivitamin use (yes-no), and first-degree family history of prostate cancer. After these adjustments, other potential confounders, including servings of vegetables, 10-yr average vitamin E supplement use, 10-yr average selenium supplement use, BPH, and use of finasteride or other drugs for BPH did not modify the β-coefficients hazard ratios for zinc intake by more than 10%. To test for a trend across each category, we modeled a single ordinal categorical variable using categorical medians. In the models presented, there was no evidence that the assumptions of the proportional hazard function were violated.
We also examined the supplemental zinc and prostate cancer relationship stratified by vegetable intake, dietary zinc intake, and PSA testing and by prostate cancer categorized by grade and stage. Interaction between a dichotomous effect modifier variable and a categorical exposure variable was computed as the P value for an interaction term between the single "trend" variable and the effect modifier in a model that included the main effects as well as the interaction term.
Analyses were conducted using STATA version 8.2 (StataCorp, College Station, TX).
RESULTS
Eight hundred and thirty-two men were diagnosed with prostate cancer during an average follow-up time of 3.5 yr Eighty-four percent had local stage disease, whereas 16% had regional/distant disease. Moderate-to well-differentiated tumors (Gleason score 2 to 6, 56.4%) were more common than poorly differentiated tumors (Gleason score 7 to 10, 42%).
Risk of prostate cancer was higher among Black men, men with a higher education, and men with a PSA test in the 2 yr prior to baseline (Table 1 ). Other factors associated with an increased risk of prostate cancer included having BPH, use of drugs for BPH, having had a prior prostate biopsy, first degree family history of prostate cancer, and current multivitamin use.
To understand the correlates of supplemental zinc intake, ageadjusted unconditional logistic regression models were used to estimate odds ratios for the association between these same characteristics and high 10-yr average supplement zinc intake (>15 mg/day) vs. no use (data not shown). Zinc supplement use >15 mg/day was used as the cutoff in this analysis and in the ones below because it is above the intake that could be achieved by 10-yr daily use of common multivitamins formulations, which typically contain 15 mg of zinc. High supplemental zinc intake was more common in older, highly educated men and men who had a PSA test in the 2 yr prior to baseline. High use was also more common in men diagnosed with BPH, men who use BPH drugs, and men who had a first degree family history of prostate cancer-possibly because higher doses of zinc are included in supplements that are marketed for men for "prostate health." Men who were overweight or obese and drank alcohol were less likely, whereas those who were physically active and had a high consumption of vegetables were more likely, to have a high 10-yr supplemental zinc intake. Current multivitamin use, 10-yr supplemental vitamin E, and 10-yr supplemental selenium use were strongly correlated with high 10-yr supplemental zinc use.
After adjustment for confounders, we observed a weak, nonsignificant inverse association between 10-yr average supplemental zinc and prostate cancer risk (HR = 0.82 [95% CI = 0.58-1.14] for greater than 15 mg/day vs. no use, P for trend = 0.44) ( Table 2) . Current single zinc supplement use (from individual supplements and mixtures not classified as multivitamins), years single zinc supplements were taken, amount per day of single zinc supplements, dietary zinc intake, and total zinc intake (diet plus10-yr average supplemental zinc) were not associated with prostate cancer risk.
Vegetable intake modified the association between 10-yr average supplemental zinc and prostate cancer risk (P for interaction = 0.01), with an inverse association between 10-yr supplemental zinc and prostate cancer risk restricted to men with a high intake of vegetables (HR = 0.43) (95% CI = 0.25-0.71) for greater than 15 mg/day vs. no use (Table 3) . We also considered potential effect modification of the supplemental zinc and b Numbers do not add up to total number due to missing data: For all variables, missing data is <5%, with the exception of income (15.5% of no prostate cancer participants and 18.6% of cases), calories (7.6% of no prostate cancer participants and 7.0% of cases), and dietary vegetable intake (8.3% of no prostate cancer participants and 8.5% of cases).
c Number of first-degree relatives with prostate cancer. d 10-yr average vitamin E and selenium includes individual vitamin E or selenium supplements and multivitamins.
prostate cancer association by dietary zinc. Ten-year average supplemental zinc intake was associated with a reduction in prostate cancer risk in those men who consumed above the median intake of dietary zinc (>13.2 mg/day), whereas it was not associated with prostate cancer in those men who consumed less than the median of dietary zinc intake; however, this interaction was not significant (P for interaction = 0.13). Report of a PSA test in the two years prior to baseline did not alter the zinc and prostate cancer association. Associations between 10-yr supplemental zinc and prostate cancer did not vary by tumor grade (Table 4) . However, although there was no association of supplemental zinc intake with risk of localized prostate cancer, there was a significant inverse trend of 10-yr supplemental zinc use and risk of prostate tumors classified as regional/distant (HR = 0.34) (95% CI = 0.13-1.09) for greater than 15 mg/day vs. no use (P for trend = 0.04).
DISCUSSION
In this large, population-based cohort study, we observed that 10-yr average intake of supplemental zinc was associated with a small, nonstatistically significant reduced risk of prostate cancer overall. However, risk of advanced prostate cancer (regionally invasive or distant metastatic) decreased significantly with greater intake of supplemental zinc. Dietary zinc and total zinc intake (diet plus 10-yr average supplemental zinc) were not associated with prostate cancer risk.
There have been only a few prior epidemiological studies of supplemental zinc and prostate cancer, and these have had Abbreviations are as follows: VITAL, VITamins And Lifestyle study; PSA, prostate-specific antigen; HR, hazard ratio; CI, confidence interval. b Numbers do not add up to total number due to missing data: For all variables, missing data is <5%, with the exception of dietary vegetable intake (8.7% of no prostate cancer participants and 9.0% of cases).
c Multivariate HRs adjusted for education, race, family history, PSA-test within the 2 years prior to baseline, and current multivitamin use. divergent findings. In a case-control study, Kristal et al. (12) found a significant inverse association for single zinc supplement use of 7 days/wk compared to no use (OR = 0.55, 95% CI = 0.30-1.00, P for trend = 0.04), which was the strongest association of 7 supplements studied. The association was similar when limited to advanced disease (OR = 0.65, 95% CI = 0.33-1.25), but no longer statistically significant. In the Health Professionals Follow-up Study, neither high dose of supplemental zinc nor long duration of supplemental zinc use (from multivitamins and individual supplements) was associated with risk of prostate cancer (13) . However, when the analysis was restricted to advanced or fatal prostate cancer, both high dose per day (RR = 2.29, 95% CI = 1.06-4.95 for >100 mg/day vs. none, P for trend = 0.003) and long duration (RR = 2.37, 95% CI = 1.42-3.95, for 10+ yr vs. none, P for trend < 0.001) were associated with increased risk. The only randomized clinical trial to our knowledge with zinc as part of the intervention and with prostate cancer reported as an outcome was the SU.VI.MAX trial, which demonstrated a moderate, nonsignificant reduction in prostate cancer risk (HR = 0.88, CI = 0.60-1.29) after 8 yr of follow-up (14) . However, this trial randomized men to either a placebo or a supplement with nutritional doses of vitamin C, vitamin E, β-carotene, selenium, and zinc, so the effect of zinc cannot be separated from the effect of this combination of minerals and vitamins. This trial reported an almost 50% statistically significant risk reduction among men with normal baseline PSA (<3 micro/l) and a borderline statistically significant increased risk among those with elevated PSA at baseline, suggesting that this combination may have an adverse effect on already established or faster growing tumors. Our findings of a reduced risk of advanced prostate cancer associated with zinc supplement use are most consistent with those of Kristal et al. (12) and are in direct contrast to those from the Health Professional Study.
Our results exploring dietary zinc intake are consistent with two previous observational studies, which found no association with prostate cancer risk (16, 17) . These two case-control studies were from geographically distinct locations-Utah (17) and China (16) . We found no association between total (dietary plus supplemental) zinc intake and prostate cancer risk, consistent with an observational study by Key et al. (18) . In contrast, two case-control studies, one in Hawaii (19) on total zinc intake and one in Italy on dietary intake only (15) , found statistically significant increased risks among men consuming the highest amounts of zinc. Studies of blood or toenail measures of zinc status and prostate cancer risk have generally been quite small; two reported a significant decreased risk associated with higher zinc status (23, 24) , whereas one found no association (25) . Several factors affect zinc absorption. It is well established that zinc absorption is reduced when zinc status is high (26) . Therefore, we hypothesized that zinc supplement use would provide the most benefit to those with lower zinc intake; however, our results did not support this. Zinc absorption is also inhibited by phytic acid found in vegetables and grains (27) (28) (29) . We found an inverse association between supplemental zinc and prostate cancer in those men with high consumption of vegetables, suggesting that supplemental zinc may be beneficial among those who absorb less zinc due to the phytate content of the diet.
Our study had several strengths including a large sample size, a prospective design, detailed assessment of exposure, and the ability to control potential confounders. Assessment of supplement intake included exact composition of multivitamins (one of the major sources of zinc intake), thereby distinguishing between regular multivitamins and those marketed for "men's health" with higher amounts of zinc. A validation study of our supplement assessment for other nutrients showed excellent correlation with supplements recorded at a home visit and with biomarkers of nutrient status (30) . Due to the prospective design of our study, any measurement error in the assessment of zinc intake from supplements or diet should not have been differential between cases and controls.
Another strength of our study was our attempt to separate the effects of supplemental zinc per se from the health behavior of taking multivitamin pills. About 80% of men who consume supplemental zinc get it from multivitamins only, and furthermore, a large majority of men who take individual zinc supplements also take multivitamins. Therefore, it is difficult to separate the effect of use of multivitamins from any effect of zinc itself. The increased risk of prostate cancer associated with multivitamin use in this study (Table 1) may be attributed to bias due to a correlation between multivitamin use and PSA screening. The increased risk could also represent a real adverse effect of multivitamins on prostate cancer risk as supported by two recent studies (31, 32) . We attempted to separate the effect of supplemental zinc from use of multivitamins using three methods: a) we controlled for multivitamin use in all analyses, b) we created an upper category of 10-yr average dose of supplemental zinc that could only be achieved by use of individual supplements or formulations of multivitamins with high zinc (e.g., those marketed for "men's heath") and not by 10-yr daily use of common multivitamin formulations (commonly containing 15 mg zinc), and c) we directly looked at zinc supplement use other than multivitamin use (from individual supplements and other combinations).
Limitations of this study included its primarily White and well-educated population; these factors may affect the generalizability of our results. There also may have been some men that had asymptomatic, undiagnosed prostate cancer leading to inclusion as a "non-case," and this may obscure a potential association between zinc intake and prostate cancer risk. We also had a short follow-up; however, we assessed supplement zinc intake over the last 10 yr prior to baseline, which may be a reasonable period of time relevant to prostate cancer development. Another limitation is that we only had information about previous PSA-testing within 2 yr prior to baseline but not after baseline. Because detection of early-stage prostate cancer is highly dependent on having a PSA test, our finding that zinc supplementation only reduced the risk of advanced disease may be due to the limitation of incomplete control for PSA screening rather that due to a mechanism whereby zinc only slows prostate cancer progression but does not affect initiation.
Although zinc supplements have been promoted as beneficial for "men's health," with implications for a consequent reduction in prostate cancer risk, we did not observe a significant association in this cohort. We did, however, find a significant reduced risk among men who have high vegetable intake (with possible low zinc absorption) and in late-stage prostate cancer. Thus, our results provide partial support for the meaningful biological mechanisms that suggest an important role of zinc in the prostate. If future studies support these results, it may suggest that zinc supplements may be beneficial for some subgroups of men or for the most adverse forms of the disease.
